Background. Respiratory syncytial virus (RSV) is the leading cause of bronchiolitis and viral death in infants. Despite decades of research with traditional or subunit vaccine approaches, there are no approved RSV vaccines. New approaches are therefore urgently needed to develop effective RSV vaccines.
RSV has 10 genes encoding 11 proteins. Among them, the fusion protein F and glycoprotein G are the major antigens expressed on the virion surface and the most important target of neutralizing and protective antibodies [4] . The sequence of the F protein is highly conserved among RSV isolates, and antibodies to the F protein provide protection against both A and B strains of RSV [5, 6] . In contrast, the sequence of the G protein is variable, and 2 serotypes (A and B strains) showed different antigenicity with strain-specific antibody responses [7, 8] .
Viruslike particle (VLP) vaccines are genetically engineered complexes of multiple copies of protein antigens in a particulate viruslike structure that lacks viral genetic material and therefore cannot replicate. Viral proteins presented as VLPs or recombinant vaccine are highly immunogenic and induce protection [3, 4, 9, 10] . The RSV fusion (F) and attachment glycoprotein (G) contain all neutralizing antibody epitopes and several T-cell epitopes [11] . Therefore, it is hypothesized that VLPs containing F or G will induce strong RSV-specific immune responses and immunity. In this study, we developed VLPs consisting of the influenza M1 protein together with the RSV A2 fusion (F) protein or the RSV attachment glycoprotein (G). Immune responses and protection against virus challenge were determined in mice immunized with these VLPs.
METHODS

Cells, Virus, and Antibody
Spodoptera frugiperda Sf9 cells were maintained in suspension in serum-free SF900II medium (GIBCO-BRL) at 27°C in flasks at a speed of 140 rpm. The RSV A2 strain was originally provided by Dr Barney Graham (NIH, Bethesda, MD) [12] . HEp-2 cells were obtained from ATCC. Polyclonal goat anti-RSV antibody (Millipore) and mouse anti-RSV fusion protein (Millipore) were used in western blots and virus plaque assay. Secondary antibodies used were HRP conjugated anti-goat antibody (Southern Biotech) and anti-mouse antibody immunoglobulin G (IgG), IgG1, and IgG2a (Southern Biotech).
Preparation of RSV Stock
HEp-2 cells were grown in tissue culture flasks in Dulbecco modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS). RSV was added, and virus adsorption was carried out in medium without serum for 1 hour at 37°C with 5% CO 2 . DMEM with 5% FBS was added to the flask and incubated for 2-3 days. RSV-infected cells were removed using a cell scraper and centrifuged at 3000 rpm for 30 minutes to remove supernatants. Infected cell pellets were sonicated and centrifuged at 4°C, and the supernatants were titrated by immunoplaque assay as described below and stored at 280°C.
Construction of rBVs Expressing RSV F, RSV G, and Influenza M1
The RSV A2 F and G genes were polymerase chain reaction (PCR)-amplified using RNA from infected HEp-2 cells as described elsewhere [12] . The RSF-F gene was PCR-amplified from a complementary DNA (cDNA) clone of A2 F by use of primers 5-AAAGAATTCACCATGGAGGAGTTGCTAATCCTCAA-3 and 5-TTACTCGAGTTAGTTACTAAATGCAATATTATT-3 (EcoRI and XhoI underlined) and cloned into pFastBac with EcoRI/XhoI sites, resulting in plasmid pFastBac-F. The RSV-G gene was PCR-amplified from a cDNA clone of A2 G by use of primers 5-AAAGAATTCACCATGTCCAAAAACAAGGACCAAC-3 and 5-TTACTCGAGTACTGGCGTGGTGTGTTG-3 (EcoRI and XhoI underlined) and cloned into pFastBac with EcoRI/ XhoI sites, resulting in plasmid pFastBac-G. For influenza M1 gene cloning, A/California/04/2009 virus was inoculated into MDCK cells and total viral RNA was extracted using an RNeasy Mini kit (Qiagen). Reverse transcription (RT) and PCR were performed on extracted viral RNA using the One-
Step RT-PCR system (Invitrogen) with gene-specific oligonucleotide primers. The following primer pairs were used for M1: 5-AAAGAATTCACCATGAGTCTTCTAACCGAGGT-3 and 5-TTACTCGAGTTACTCTAGCTCTATGTTGAC-3 (EcoRI and XhoI underlined). Following RT-PCR, a cDNA fragment containing the M1 gene was cloned into the pFastBac vector.
Generation of Recombinant Baculoviruses
Recombinant baculoviruses (rBVs) expressing RSV F, RSV G, or influenza M1 were generated as described in materials and methods. Transfections of DNA containing the above genes were accomplished using cellfectin II (Invitrogen) with SF9 cells as recommended by the manufacturer, followed by transformation of pFastBac containing RSV-F or RSV-G or M1 with white/ blue screening. The rBVs were derived by using a Bac-to-Bac expression system (Invitrogen) according to the manufacturer's instructions.
Production of VLPs
RSV-F VLPs were produced by infecting Sf9 cells with rBVs expressing RSV-F and M1. RSV-G VLPs were produced by infecting Sf9 cells with rBVs expressing RSV-G and M1. Cell culture supernatants were collected on day 2 postinfection with centrifugation at 6000 rpm for 20 minutes at 4°C. VLPs were concentrated with QuixStand (GE) and purified through a 20%-30%-60% discontinuous sucrose gradient at 30 000 rpm for 1 hour at 4°C. The VLP bands between 30% and 60% were collected and then diluted with phosphate-buffered saline (PBS) and pelleted at 28 000 rpm for 40 minutes at 4°C. VLPs were resuspended in PBS overnight at 4°C.
Characterization of VLPs
VLPs were characterized by Western blots and electron microscopy. For Western blot analysis, polyclonal goat anti-RSV antibody was used to probe RSV-G protein; mouse anti-RSV fusion protein was used to probe RSV-F protein. Anti-M1 antibody was used to determine M1 protein content. For electron microscopy and size determinations, negative staining of VLPs was performed followed by transmission electron microscopy (Emory University Core Facility).
RSV Immunoplaque Assay
HEp-2 cells were grown in 12-well plates (Costar) until confluent. Virus stock or lung homogenates from infected mice were serially diluted in DMEM media without FBS. Virus samples were added to the plates and removed after 1 hour incubation at 37°C. Each well received 1 mL of overlay and was incubated 3 days at 37°C. Cells were fixed with ice-cold acetone-methanol (60:40) for 10 minutes. After air drying, anti-F monoclonal antibody and then HRP conjugated anti-mouse IgG antibodies were used. Individual plaques were developed using DAB substrate (Invitrogen).
Immunization, Sample Collection, and Challenge
Female BALB/c mice (Charles River) aged 6-8 weeks were used. Groups of mice (12 mice per group) were intramuscularly immunized twice with 25 lg of VLPs at 4-week intervals. Blood samples were collected by retro-orbital plexus puncture before immunization and at 3 weeks after prime and boost. For virus challenge, naive or vaccinated mice were isofluorane-anesthetized and intranasally infected with 1. 
Antibody Responses Against Cell Surface Proteins
Monolayers of HEp-2 cells in 96-well culture plates were infected with RSV A2 viruses (1.5 3 10 6 PFU/plate) and incubated for 12 hours. ELISA was performed in parallel with infected cells or uninfected controls. The culture medium was removed, and the cells were fixed with 0.25% glutaraldehyde. PBST containing 0.05% Tween 20 was used to wash the plates. Manual washing was used, and cells were observed to be completely attached at each step. Subsequent procedures were conducted as described above.
Antibody Neutralization
Mouse sera were complement inactivated at 56°C for 30 minutes and then serially diluted. Live RSV A2 was diluted and added. The virus-serum mixtures including a virus-only control were incubated at 37°C for 1 hour and then added to prewashed, confluent monolayers of HEp-2 cells grown in 12-well plates. After 1 hour, the antibody-virus mixture was removed, and the procedure described above was followed. The mean percent plaque reduction by sera from VLP vaccinated mice compared with sera from naive and medium control were determined.
Lung Virus Load
The individual lungs were collected at day 4 postchallenge, and extracts were prepared as homogenates after challenge using frosted glass slides [13] . The homogenates were centrifuged at 1000 rpm for 10 minutes to collect supernatants. The lung virus load was determined in the supernatants by plaque assay as described above.
Statistical Analysis
All parameters were recorded for individual mice within all groups. Statistical comparisons of data were carried out using the analysis of variance and Npar1-way Kruskal-Wallis test of the PC-SAS system. A P value of ,.05 was considered significant.
RESULTS
Generation of Constructs
RSV-F and RSV-G genes from RSV strain A2 were amplified by PCR, and the influenza M1 gene was amplified by RT-PCR with primers containing restriction enzyme sites. Genes were cloned into pFastBac vectors, and insertion of RSV-F, RSV-G, and influenza M1 in pFastBac expressing vectors was confirmed by cutting with enzyme sites, EcoRI and XhoI ( Figure 1A -C). The nucleotide sequences of the RSV-F, RSV-G, and influenza M1 genes were found to be identical to the previously published sequences (accession numbers FJ614814 for F, AF035006 for G, FJ966085 for M1) by DNA sequencing (Eurofins MWG Operon).
Production of VLPs (RSV-F, RSV-G)
VLPs containing influenza M1 and RSV fusion F or attachment G glycoproteins were produced as described in Methods. The incorporation of F or G and M1 into VLPs was confirmed by western blot using anti-RSV or anti M1 polyclonal antibodies ( Figure 1D and E). Both RSV-F or RSV-G VLPs showed spherical shapes with spikes on their surfaces (Figure 2A and C). RSV F VLPs had a peak in size distribution at 80-100 nm, whereas G-VLPs were similar but somewhat more heterogeneous in size ( Figure 2B and D). In total, 5-7.5 mg VLPs/liter of cell culture medium were obtained, and their antigenic properties were stable for 1 year at 280°C. Heat-treated VLPs lost immunogenicity and protective capacity.
Antibody Responses in Immune Serum
Serum antibody responses were determined in mice immunized with RSV-F or RSV-G VLPs as shown in Figure 3A . The levels of total IgG, IgG2a, and IgG1 antibody responses in the serum specific to RSV after prime and boost were determined. Total IgG and IgG2a responses from the mice immunized with RSV-F VLPs showed significantly higher titers after boost compared with those after prime, indicating the progressive maturation of virus-specific antibodies ( Figure 3B and C). Low IgG1 responses were observed both after prime and boost ( Figure 3D ). In contrast, the levels of IgG2a antibody increased significantly, both after prime and boost, compared with IgG1. The levels of IgG2a were higher after boost than prime at various serum dilutions ( Figure 3E ). Similar patterns of total IgG, IgG2a, and IgG1 responses to RSV A2 were found in mice immunized with RSV-G VLPs. The levels of IgG and IgG2a antibody responses were lower relative to those observed with RSV-F VLPs. Antibody responses (IgG, IgG2a) were significantly higher in mice after boost compared with primary immunization ( Figure 3F and G). As seen in Figure 3 , IgG2a-dominant responses were found after the boost but not after prime. These results indicate that both RSV-F and RSV-G VLPs are highly immunogenic and induce IgG2a-dominant responses.
Antibody Responses in Mouse Lung
The lung is the most important location for RSV replication, where disease development occurs. At day 4 after challenge, mouse lungs were harvested and total IgG, IgG1, and IgG2a antibody responses were determined. As shown in Figure 4A and C, significantly higher levels of RSV A2 specific IgG antibodies were found in mice immunized with RSV-F VLPs or RSV-G VLPs. Interestingly, IgG responses specific to RSV-G or RSV-F in immunized mice showed similarly high levels. As seen in Figure 4B and D, significantly higher IgG2a responses were elicited in mice immunized with RSV-F VLPs or RSV-G VLPs compared with IgG1. The ratios of IgG2a to IgG1 from both RSV-G VLPs and RSV-F VLPs were similar at lung extract dilutions of 10, 20, and 40 ( Figure 4E ). Compared with serum samples, lung extract samples showed a much higher ratio of IgG2a to IgG1 ( Figure 3E and I, Figure 4E ). These results indicate that both RSV-G VLPs and RSV-F VLPs elicit RSV IgG2a dominant responses in lungs.
Immune Sera Effectively Bind to RSV Infected Cells
Immune responses against cell surface proteins were determined using monolayers of HEp-2 cells infected with RSV A2 or uninfected cells. After 12 hours of incubation, the supernatants were removed and the immune sera were added to the cell surface to determine IgG, IgG1 and IgG2a responses. As seen in Figure 5 , sera from mice immunized with RSV-F or RSV-G VLPs from prime and boost showed significantly high levels of total IgG and IgG2a antibody responses against cell surface proteins expressed 12 hours postinfection ( Figure 5A , B, D, and E). Total IgG responses against infected or uninfected cell surface proteins were determined in mice immunized with RSV-F VLPs ( Figure 5C ) or with RSV-G VLPs ( Figure 5F ), showing background responses in uninfected cells. Interestingly, RSV-G VLP vaccinations showed much higher total IgG and IgG2a responses against cell surface proteins than did RSV-F VLPs. These results indicate that immune sera specifically bind to HEp-2 cell surface expressed proteins.
Neutralizing Antibody Responses
Neutralizing antibody is an important functional component of immune responses induced by vaccination. To determine whether immunization with RSV VLPs induces neutralizing antibodies, an in vitro plaque reduction assay was used. Serially diluted mouse sera at week 3 after boost were complement inactivated, incubated with live RSVA2, and plaque assays were conducted. As shown in Figure 6 , RSV-F or RSV-G VLPs showed similar plaque reduction rates. At 1:1000 serum dilutions, either RSV-G or RSV-F VLP vaccination reduced the number of plaques by 55% whereas naive serum reduced plaques by 7%. At the 1:10 000 serum dilutions, RSV-G VLPs showed 38% plaque reduction versus 25% reduction by RSV-F VLPs and no reduction by naive sera ( Figure  6 ). Naïve sera showed very high background effects at serum dilution of 1:10 or 1:100, with neutralizing titers .100. Virus neutralizing titers from immunization with RSV-F or RSV-G VLPs were .1000 when the highest serum dilution showing 50% plaque reduction was taken as the neutralizing antibody titer in comparison to the negative medium control showing no plaque reduction. These results indicate that RSV-F and RSV-G VLPs vaccines can induce protective functional antibodies to RSV.
Protection Against Live RSV A2 Virus Challenge Infection
Virus load in lungs and body weight changes following challenge infection are the most important indicator to assess vaccine The ratio of IgG2a to IgG1 0.8 protective efficacy. Immunized mice were challenge infected with live RSV-A2 virus (1.5 3 10 6 PFU/mouse) at 4 weeks after boost, and lung virus loads at day 4 postchallenge were determined. Asshown in Figure 7A , significantly decreased lung virus loads were detected in mice immunized with RSV-F (11-fold) or RSV-G VLPs (600-fold) compared with naive mouse controls (P , .01, P , .001). The difference in lung virus loads in mice immunized with RSV-F VLPs and RSV-G VLPs also was compared ( Figure 7B ). Lower lung virus load was found in mice immunized with RSV-G VLPs than those in mice immunized with RSV-F VLPs ( Figure 7B , P , .001). These results indicate that vaccination of mice with RSV-F or RSV-G VLPs effectively can inhibit virus replication in lung. The level of body weight loss postchallenge was measured, and days 6 or 7 postinfection showed the highest body weight loss. Naive control mice showed the highest body weight loss (20%), whereas mice immunized with RSV-F VLPs or RSV-G VLPs showed 13% and 6.4% of body weight loss, respectively, at day 6, and 8% and 5% of body weight loss, respectively, at day 7 postchallenge (Figure 7C ). Significant differences in body weight loss were found at day 7 between naive controls and RSV-F (P , .001) or RSV-G VLPs (P , .001), and between RSV-F and RSV-G VLPs (P , .05).
The differences correlate with better lung virus clearance, which was observed with RSV-G VLPs compared with RSV-F VLPs. These results indicate that RSV-F and RSV-G VLPs both confer substantial protection of mice from RSV-induced illness.
DISCUSSION
In this study, we investigated the protective efficacy of RSV vaccines produced in a viruslike particle form after intramuscular vaccination in a mouse model. We found that VLP vaccination provides effective protection against RSV infection. RSV-F or RSV-G VLPs elicited significant levels of IgG2a-dominant RSV-specific IgG antibody responses and significantly reduced lung viral replication and weight loss upon challenge. The VLPs we produced targeted the full-length RSV fusion F protein (RSV-F) and attachment G glycoprotein (RSV-G), which possess all neutralizing epitopes as well as several T-cell epitopes [14] [15] [16] [17] . We used influenza M1 protein rather than RSV matrix (M) as a core protein in VLPs because matrix proteins are important for virion morphology and RSV is more pleomorphic than influenza virus. Also, some paramyxovirus M proteins are insufficient for VLP formation in the absence of NP and envelope glycoprotein co-expression [18] . Our result indicates that RSV-F or RSV-G VLPs showed spherical particle shapes. The rBV-produced VLP vaccines from serum-free insect cells have advantages over VLPs produced in mammalian cells because mammalian cell-produced VLPs need to be validated to be free of viruses or oncogenic substances originating from the cells and/or serum [19] .
It has been reported that an RSV VLPs vaccine containing RSV-G protein induces protection in a mouse model [4] . In this report, a chimeric protein was used in which the ectodomain was from the RSV G protein, but the cytoplasmic and transmembrane domains and M protein were from Newcastle disease virus (NDV). IgG subtype responses from vaccination with these VLPs were not determined. Our study focused on the full length RSV-F or -G proteins in VLPs, and the RSV-G VLPs induced better protection than RSV-F VLPs. RSV-F does not require other viral proteins for fusion activity and can undergo pre-to postfusion triggering upon expression [18, 20] . Possibly some F on the VLP surface may be in a postfusion form, potentially underrepresented on the challenge virus. Alternatively, RSV-F and/or -G may be differentially glycosylated in insect cells used to produce the VLPs, compared with mammalian cells and the underglycosylation of G may enable immune focusing on protectopes (eg, the central region of G). We predict that RSV-F VLPs will provide protection against RSV isolates of A and B subgroups, whereas protection induced by RSV-G VLPs may be more subgroup-specific. In mice and cotton rats, subgroupheterologous protection is readily achievable with F antigen immunization, and significant but partial subgroup-heterologous protection is typically observed with RSV G antigens [21] [22] [23] [24] . Within antigenic subgroups, RSV can be further classified into clades based on sequence analyses of a hypervariable carboxyterminus region of RSV G [25, 26] . However, the importance of clade-specific Abs to RSV is unclear.
We developed a new ELISA assay to detect IgG, IgG2a, and IgG1 antibodies by using cell surface expressed RSV proteins. Since a correlation of antibody responses with protection was found using cell surface RSV-A2 proteins as binding antigens, detecting antibody using this method may be more reliable and will contributeto RSV vaccine studies. Our RSV-F and RSV-G VLP vaccines induced very high levels of IgG2a isotype responses with very low levels of IgG1 isotype responses. This is encouraging since enhanced disease after RSV challenge is reported to be related to Th2 (IgG1) allergy-like or Th2-associated responses [6, 27, 28] . It has been reported that F and G protein subunit RSV vaccines were weakly immunogenic and caused enhanced pulmonary histopathology [1, 4, [29] [30] [31] . In contrast, Venezuelan equine encephalitis virus replicon particles (VRPs), as well as RSV Gexpressing Newcastle disease VLPs, were more immunogenic, effective, and did not cause enhanced RSV disease [4, 32] . Since RSV proteins in VLPs are presented in a repetitive, particulate viruslike structure [33] , they may be highly immunogenic and induce protective humoral, cellular, and mucosal immune responses [13, [34] [35] [36] . To our knowledge this is the first report demonstrating and comparing protection induced by VLPs containing full-length fusion (F) or attachment (G) glycoproteins. RSV-F or RSV-G VLPs successfully inhibit virus replication in the lung and protected mice from infection. We therefore conclude that RSV-F or RSV-G VLPs are promising vaccine candidates.
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